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RESUM (màxim 50 línies) 
 
 
 
El aluminio es un relativamente suave pero durable, ligero, 
dúctil y maleable metal en esta tierra. También es un muy 
buen conductor térmico y eléctrico. Aunque tiene muy buenas 
propiedades, a altas temperaturas la resistencia del 
aluminio disminuye. Temperaturas continuamente por encima 
de 100° C, la resistencia del aluminio se ve afectada en la 
medida en que el debilitamiento se debe tener en cuenta.  
 
Para compensar este relativamente debilidad, se introducen 
elementos de aleación de aluminio para aumentar sus 
propiedades mecánicas y químicas.  
 
Aluminio 2017 serie altamente está compuesto de cobre como 
elemento de aleación del principio y esta aleación pueden 
reforzarse significativamente a través de la solución de 
tratamiento de cslor. Estas aleaciones poseen una buena 
combinación de alta resistencia y dureza pero tienen bajos 
niveles de corrosión atmosférica resistencia en comparación 
con otros tipos de aleación de aluminio. Básicamente, estas 
aleaciones de avión y aeroespacial.  
 
En este estudio, una aleación de varios se desarrolla 
mediante la adición de cromo y circonio metálico de 
aluminio. Se produce un casting 9 diferentes con diferentes 
porcentajes de cromo y circonio agregado. Los materiales 
son preparados por la técnica de colado de revolver. 
Mecánicos de la prueba como prueba de dureza, prueba de la 
microestructura se lleva a cabo. Antes de la prueba 
mecánica que se llevará a cabo, estos bastidores de 9 se 
experimenta una serie de proceso de tratamiento térmico 
como el tratamiento térmico de solución durante 6 horas 
luego rápido amortiguamiento utilizando agua como medio y 
por último el envejecimiento proceso a partir de 0 horas a 
48 horas a 250 ° C.  
 
De los resultados se obtiene el valor de la dureza y su 
respectiva microestructura. Los resultados experimentales 
no demuestran una influencia significativa de Cr o Zr en 
estos parámetros, y sólo pequeñas diferencias se han 
observado debido a sólo pequeñas cantidades de Cr, Zr se 
han añadido a una aleación Al-Cu. 
 
 
Paraules clau (màxim 10):
 
Aleación de Aluminio Propiedad Mecánica Micro aleación Tratamiento térmico 
Cr Zr   
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ABSTRACT (50 lines maximum) 
 
 
 
 
Aluminium is a relatively soft yet durable, lightweight, 
ductile and also malleable metal on this earth. It also is 
a very good thermal and electrical conductor. Although it 
has very good properties, at high temperatures the 
aluminium’s strength decreases. At temperatures 
continuously above 100°C, the strength of aluminium is 
affected to the extent that the weakening must be taken 
into account. 
 
In order to compensate this relatively weakness, alloy 
elements are introduced to aluminium to increase its 
mechanical and chemical properties.  
 
Aluminium 2017 series is highly consist of copper as it 
principle alloying element and this alloy can be 
strengthened significantly through solution heat-treating. 
These alloys possess a good combination of high strength 
and toughness but have a low levels of atmospheric 
corrosion resistance compare to other aluminium alloy. 
Basically, these alloys used for aircraft and aerospace. 
 
In this study, a various alloy is developed by adding 
chromium and also zirconium in aluminium metal. A 9 
different casting with different percentage of chromium and 
zirconium added is produced. The materials are prepared by 
stir casting technique. Mechanical test such as hardness 
test, microstructure test is conducted. Before the 
mechanical test to be conducted, these 9 castings will 
undergoes a series of heat treatment process such as 
solution heat treatment for 6 hours then rapid quenching 
using water as the medium and lastly aging process starting 
from 0 hours to 48 hours at 250°C. 
 
From the results, the hardness value and their respective 
microstructure is obtained. The experimental results do not 
show a significant influence of Cr or Zr in these 
parameters, and only small differences have been observed 
due to only small amounts of Cr and Zr have been added to 
an Al-Cu alloy. 
 
 
 
Keywords (10 maximum):
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1. Glossary 
 
CGI             Compacted Graphite Iron 
NEDC         New European Driving Cycle 
IGC            Intergranular Corrosion 
SCC            Stress Corrosion Cracking 
CDAL          Centre de Disseny d’Aliatges Lleugers i Tractaments de Superfíci     
EPSEVG      Escola Politècnica Superior d’Enginyeria de Vilanova i la Geltrú 
A2017         Aluminium 2017  
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2. Preface 
2.1 Origin of the project 
 
This project is about to study the development of casting aluminium alloys in order to improving it 
mechanical properties so that it can be use in the at higher temperatures.  
The main alloys that be used during this study was Al-Cu and another alloys elements such as zirconium 
and chromium is are be added latterly. The usage of aluminium in the automotive industry has been 
growing in demand for more fuel-efficient vehicles to reduce energy consumption and air pollution is a 
challenge for the automotive industry. The characteristic properties of aluminium, high strength 
stiffness to weight ratio, good formability, good corrosion resistance, and recycling potential make it the 
ideal candidate to replace heavier materials (steel or copper) in the car to respond to the weight 
reduction demand within the automotive industry. [1] 
Nowadays, blocks for gasoline engines are generally cast in aluminium alloys and the use of aluminium 
in diesel engines is continuing to increase. Also, most cylinder heads are cast in aluminium alloys. 
Substitution of cast iron by aluminium in engine blocks could result in a weight reduction of 15 kg–35 kg 
[2]. Inline cylinder blocks made in aluminium are noticeably lighter than corresponding cylinder blocks 
produced with compacted graphite iron (CGI). For an engine weighing 35 kg in CGI, the weight of the 
inline cylinder block should be 28 kg using an aluminium alloy. [3]  
  Normally the main aluminium alloys that be used in the engine production is are Al-Si alloys, however, 
most Al-Si alloys are not suitable for high temperature applications because tensile and fatigue strengths 
are not as high as desired in the temperature range of 260°C - 371°C. In recent years, the development 
of diesel and direct fuel injection gasoline engines with high specific powers have resulted in a big 
performance impact on piston materials due to increased combustion pressures and piston 
temperatures. [4]. Most of the AI-Si cast alloys today are intended for applications at temperatures of 
no higher than about 232°C. Above this temperature, the alloy's microstructure strengthening 
mechanisms will become unstable, rapidly coarsen and dissolve resulting in an alloy having an 
undesirable microstructure for high temperature applications. Such an alloy has little practical 
application at elevated temperatures because the alloy lacks the coherency between the aluminium 
solid solution lattice and the precipitated strengthening particles. [5-6]  
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experimental been carried out.  
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3. Introduction 
 
  Aluminium castings are widely used in the automotive industry for several components such as engine 
blocks and cylinder heads, produced in high volumes, thanks to their favorable combination of low 
weight, easy machinability, recyclability and low cost. In the last years the evolution of internal 
combustion engines has been driven mainly by the need to meet new stringent emissions standards (like 
Euro 5 or future Euro 6 in Europe) and to improve fuel economy of the vehicles aiming to reduce the 
amount of CO2, which is considered a “greenhouse gas” with potential effect on global warming, 
released to the ambient. The concept of “Engine Downsizing”, in which large displacement engines are 
replaced by smaller, lighter more efficient units with higher specific ratings, i.e. more power output for 
unit displacement, has been widely applied, for the development of new engine families. Recently, the 
increase of specific output, achieved mainly by the application of super or turbocharging and of direct 
fuel injection concepts also to spark ignited engines, has led to a general increase of mechanical and 
thermal loads on engine components. [7] 
  In addition, in the last ten years, also, components for light and medium duty diesel engines, which 
continue to gain market shares in Europe, have started to be cast in aluminium alloys even where, due 
to the high requirements on strength and durability, cast iron was traditionally used. Consequently, also 
requirements for the materials used to produce engine components have grown in terms of mechanical 
and fatigue resistance at operating temperatures, ductility and resistance to the creep at elevated 
temperatures. Developments in aluminium alloys and optimization of casting techniques have lead to 
improved material properties and functional integration which enable aluminium castings to satisfy the 
new market requirements and have allowed to replace, in many cases, engine components made with 
heavy cast iron alloys. Nevertheless requirements for new products are becoming more and more 
challenging for conventional aluminium alloys and their further improvement or the introduction of new 
alloys are under evaluation. [8]  
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3.1 Objectives Project 
 
The objective of this project is the development of casting aluminium alloy with improved properties 
using A2017, Al-Cu alloy. The project is specifically tackling the improvement of aluminium alloy 
properties at high temperature which can be used for vehicle engine component.  
 
This study was done in the following way: 
 Study of evolution of the microstructure of the alloy between after casting and also after heat 
treatment. This study was done using an optical microscope. For the specimens with heat 
treatment, they undergone solution heat treatment for 6 hours at 540 °C and also rapid 
quenching in water. 
 Study of hardness using Brinell and also Vickers for every casting after smelting and also after 
heat treatment, both in solution heat treatment and aging, in order to determine the difference 
in hardness. 
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3.2 Scope Project 
 
Project Objective 
To develop cast aluminium alloys for elevated temperature applications using aluminium A2017 alloy as 
the base material. 
Deliverables  
• Produce 9 different castings with different percentage of Chromium or/and Zirconium 
added 
• Hardness of each casting using Brinell and Vickers 
• Microstructure of each casting view using an optical microscope 
• Chemical analysis for each casting using a spectrometer 
Technical Requirements 
• High temperature furnace surpasses the required temperature >790°C  
• A Durometer with a probe of 2.5mm in diameter 
Limits and Exclusions 
• The element added into the casting will be using stir casting technique which means it will 
be manually stirred 
• These experiments will be conducted only in the CDAL laboratories 
• The experiments work limited to Monday through Friday, 8.30 A.M to 2.30 P.M 
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4. State of the art 
4.1 Introduction of Aluminium 
 
Aluminium is an element that exist in the periodic table which belong to the group 13th. It is the most 
widespread metal on the earth. More than 8% of the earth core mass is made up with aluminium. After 
oxygen and silicon, it is third most common element that can be found. [9] 
  One of its properties is that pure aluminium cannot be found in nature due to its properties of easily 
binds with the other elements. Back in 1824, aluminium was formally produced for the first time. 
  In the production of aluminium, bauxite is used as the primary raw material. Bauxite is a day mineral 
consisting in aluminium hydroxide mixed with iron, silicon, titanium, Sulphur, gallium, chromium, 
vanadium oxides, as well as sulphur calcium, iron and magnesium carbonates. 4-s tons of bauxites are 
needed in order to produce 1 ton of aluminium. 
  The first stage of produce aluminium from bauxite is processed into alumina or known as well as 
aluminium oxide Al2O3. Alumina has a look like white powder and that it is processed into aluminium 
using electrolyte reduction. 
  The production of aluminium requires huge amounts of electricity. Almost about 15 MWh per ton of 
output needed. To produce that huge amount of electricity can lead to environment problem because to 
produce electricity, fossil fuels are used. The burning of fossil fuels is not good towards the 
environment. Thus, the best site for an aluminium smelter is next to a powerful and renewable energy 
sources. Hydroelectric power plants are the best option as they are the most powerful green renewable 
energy available. [10] 
  Aluminium is widely uses due to its properties. It is one of the lightest metals in the world, almost three 
times lighter than iron. Even though being one of the lightest metal, it also strong. It also extremely 
flexible and corrosion resistant, thanks to an extremely thin and strong layer of aluminium oxide 
covered its surface. It doesn’t magnetize, a good both heat and electric conductor and form alloys with 
other metals. 
  Aluminium can easily be processed either in hot or cold by applying pressure. It can be rolled, pulled 
and also stamped. Moreover, aluminium is non-flammable metal, so it doesn’t need special point to 
avoid catching fire. Due to these properties, aluminium is more cost effective than other metal and 
materials. 
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    Nowadays there are huge variety of aluminium alloys that have been developed. This is because one 
of its properties is easily binds with other chemical elements. For examples wheels, engines, chassis and 
other parts of automobiles were made from aluminium mixed with silicon and magnesium. The perfect 
example for aluminium zinc alloy is our mobile phone and computer. This alloy is widely used in this 
production  
  Furthermore, there is another properties of aluminium that caused it to be used widely in our life in 
which is it can be reused over and over again or in the other is it is recyclable materials. Both aluminium 
and its alloys can be melted down and reused without damaging its mechanical properties. 1 kilogram of 
recycle aluminium can save up to 8 kg of bauxite, 4 kg of various fluorides, and up to 15 kWh of 
electricity. [10]  
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4.2 Aluminium and its important in transport industry 
In the advance technology of transportation that we have in the world nowadays, aluminium plays a 
major role in the transports industries. As is known, most people whose use the cars as their main of 
transportation would like to buy the car that have greater fuel efficiency. For the automotive company, 
they must fulfill the demand of their clients in order to gain more profit. One of the solution that can be 
used to increase the efficiency of fuel saving is by built the main body kit of the car as lightest as 
possible. The uses of aluminium as the main material to construct the body structure of the car can 
reduce the overall weight of the car rather than we use steel as the main material. Reduce the weight of 
chassis of the car can decrease that fuel consumption this argument truly can be accepted because 
higher combustion energy is needed for heavy weight vehicle to accelerate thus more fuel was 
consumed. Repeatedly increasing the price of the crude oil in the world in this recent year, Aluminium is 
the best solution for the car maker to build the car that meet the demands of their client. 
  Other than that, Aluminium also had been the most important metal that been use in the airplane 
industry compared to the others metals. In some cases, aluminium also known as the “winged metal” 
this nickname is be given because aluminium had become the light, strong and flexible metal that is uses 
in the fuselage of the aircraft [11]. In this present year, 75%-80% of fuselage of an aircraft are made 
from aluminium. In modern aircraft aluminium is used literally everywhere: in the fuselage, in the trims, 
in wing panes and in the rudder, in the tie down systems in the exhaust pipes, in the feeding blocks, in 
the refueling hoses, in the door and floors, in the frames of pilot and passenger seats, in the fuel nozzles, 
in the hydraulic systems, in the cabin pillars, in ball bearings, in the instrumentation in the cockpit, in the 
engine turbines and in lots of other places [12] . Furthermore, aluminium also proved to be crucial in the 
aerospace industry where their ability withstand high and low temperatures, vibration loads and 
radiation. Apart from that, the extensively uses of aluminium in aviation industry because the low-cost 
production compare to the composite material and their characteristic that can resist the ultra-violate 
degradation. Not like the composite material that need to be use in the control environment, aluminium 
is capable to work in any circumference. 
Back in the early year, locomotive is one of the most famous transportation that been used in our daily 
life to carry goods and people. In this recent year, the advance of technology had force many country to 
build high speed railway, so that people can meet each other or move from one place to the other in 
much faster. Take an example in the Europe region, the company such as TGV, Eurail or Eurostar, they 
have provide services so that tourists or people who living in the Europe can have other option to travel 
within Europe in much faster time rather than drive by their self or use flight. The uses of Aluminium 
and its alloys have become a preferred material in the rail transportation sector outshining other 
materials due to their light-weight, excellent shaping qualities, high strength, corrosion resistance and 
recyclable characteristics. While railways were once referred to as ‘the iron way’, today many load-
bearing elements of a train as well as carriage bodies, are made completely from aluminium. It is this 
fact that makes train speeds of over 350 km/h possible [12]. Four out of every five carriage bodies for 
underground and local trains in Western Europe are now manufactured from aluminium, making the 
term ‘aluminium way’ much more appropriate [13]  
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4.3 Advantages of uses aluminium in transport industry 
 
  As discussed earlier aluminium has been used extensively in the transportation industry because of 
their mass reduction factor. When it comes to comparison of density between aluminium and other 
metal aluminium had far more less dense compare to the other metals. Audi is the first company who 
build their car model A8 that use aluminium as their main body material. Initially this company had used 
steel as the main material for this car chassis but eventually because of the major weight different (with 
aluminium =247 kg, steel=441 kg) they change their mind and decided aluminium as the main material 
to used [14]. Another example we can take a look at Jaguar XE in which brings the new levels aluminium-
intensive lightweight vehicle and is projected to deliver fuel economy of over 26.55 kilometers/liter, or 
Km/L*. The XE uses aluminium-intensive monocoque which accounts for 75% of the vehicle’s structure. 
The reduction in weight ensures that the XE is the most fuel-efficient Jaguar yet with fuel consumption 
and CO2 emissions on the NEDC combined cycle of over 31.9 km/l and less than 100 g/km respectively. 
The Jaguar XE is also the first car in the world to make use of a new grade of high strength aluminium 
called RC 5754 which has been developed specifically for the XE. This new alloy features a high level of 
recycled material and makes a significant contribution to Jaguar’s goal of using 75% recycled material by 
2020 [15]. 
   Another advantage is aluminium highly resistance to the corrosion. As we know Aluminium is the 
primary aircraft material, comprising about 80% of an aircraft's unladen weight. Because of the metal 
resists corrosion, some airlines do not paint their planes, saving several hundred of kilograms in weight. 
Aircraft manufacturers use high-strength alloys (principally alloy 7075) to strengthen aluminium aircraft 
structures. Alloy 7075 has zinc and copper added for ultimate strength, but because of the copper it is 
very difficult to weld. It anodizes beautifully. 7075 has the best machinability and results in the finest 
finish [16]. 
  Safety features play an important role in the design and customer choice of vehicle. There are 
numerous safety test had been carried and evaluated. Based on the test that had been carried out 
shown that when the vehicle was light-weighted, but size remained the same, the injury rate was 
reduced by 15%. It is important to note that the additional design changes that could be pursued by 
automakers to mediate impact were not taken into account, nor was the nature of the other cars on the 
road. When the weight of the vehicle remained the same, but the size was increased, the result is an 
even higher reduction in injury rate of 26%. Most important is that in two vehicle crashes, the drivers of 
both vehicles see an improvement in safety. In this safety feature, aluminium help to improve and 
increase the safety of the car preventing from the major damage during accident because the ability of 
aluminium that can absorb more mass-specific energy compare to the steel. Furthermore, aluminium 
has higher rigidity compared to steel therefore it has more thickness [17]. This properties of aluminium 
can be benefits because for optimum protection for the passenger in the car ,vehicle are designed with a 
stiff and thick passenger cell so that more crash energy can be absorb when the accident occurs and can 
reduce de risk to the passenger in the car. 
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4.4 Main aluminium Alloys 
 
Pure aluminium is relatively soft. Because of this, it makes very hard to work with just pure aluminium 
alloy. In order to improve its properties, including making it more workable, other elements (alloying 
elements) are added or introduce to the pure aluminium. [18] As the result of the introduction of 
alloying elements, an alloy is produced. Their mechanical properties and also its usage are depends on 
the alloying elements that are added. 
  Examples of alloying elements are copper, manganese, silicon, magnesium, magnesium, silicon, zinc 
and others. The alloying elements effect the properties of each alloys and its usage. Aluminium alloys 
are used widely in engineering structures and components where lightweight or corrosion resistance is 
required. 
  Based on the types of alloying elements, the aluminium alloys are divided into 8 groups shows in table 
4.1. This is an established international system to identify aluminium alloys. The first digit of the four-
digit alloy code give the major alloying element. The European also uses the same code. 
Table 4.1 International system for aluminium wrought alloys [18] 
Alloying element Alloy code Alloy type 
None (pure aluminium) 1000 series Not hardenable 
Copper 2000 series Hardenable 
Manganese 3000 series Not hardenable 
Silicon 4000 series Not hardenable 
Magnesium 5000 series Not hardenable 
Magnesium + silicon 6000 series Hardenable 
Zinc 7000 series Hardenable 
Other 8000 series  
 
Alloy that are frequently been used are the 6000 series alloys. This alloys series are hardenable. The 
magnesium and silicon elements give the aluminium great properties to work with extrusion.   
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Figure 4.1 Types of element used as an alloy in aluminium [18] 
 
     Table 4.2 Characteristics of each series aluminium alloys [19] 
  
Alloy code Characteristics 
1000 series  Contain no alloying elements. 99.9% aluminium 
 Superior conductivity 
 Non hardenable 
 Tensile strength of 40 MPa-60 MPa 
2000 series  Contain copper as the alloying element 
 High strength alloy achieved by heat treatment process 
 Tensile strength about 400 MPa 
 Not suitable for surface treatments and poor for welding 
3000 series  Contain manganese as the alloying element 
 Moderate in strength and have good formability 
 Suitable for anodizing and welding 
4000 series  Contains silicon as the alloying element 
 Great strength and resistance to abrasive wear 
5000 series  Contain magnesium as the alloying element 
 Moderate in strength about 200-350 MPa 
Have excellent resistance to corrosion in aggressive atmosphere and      
seawater 
6000 series  Contain magnesium and silicon as the alloying element 
 Moderate in strength about 200-350 MPa 
 Easily anodized 
7000 series  Contain zinc as the alloying element 
 Have the highest strength among all series about 450-500 MPa 
 Prone to stress corrosion 
8000 series  Contains other element for example lithium 
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4.5 Effects of alloying to the properties of aluminium 
 
For example, copper, Cu as an alloying element of the aluminium. The addition of copper increases the 
strength and facilitate precipitation hardening. It also reduces the ductility and the aluminium corrosion 
resistance. On the other hand, copper increases the aluminium tensile strength, fatigue strength and 
also the hardness of the alloys due to the effect of solid solution hardening. Mostly this type of alloy can 
be found use in aerospace, military vehicles and rocket fins. 
 The addition of manganese, Mn elements as an alloying element increases the strength of the 
alloy through solution strengthening and also improves the aluminium strain hardening. The manganese 
element also improves the corrosion resistance and also improves the aluminium low cycle fatigue 
resistance. It also improves the ductility of the alloys containing iron and silicon due to modification of 
Al5FeSi intermetallic inclusions from platelet to cubic form Al15(MnFe)3Si2[20]. The most applications that 
used this type of alloys are cooking utensils, radiators, air conditioning condenser, evaporators, heat 
exchangers and also piping systems. 
 Meanwhile, if silicon, Si is added into aluminium as the alloying element, the silicon will reduce 
the melting temperature of the aluminium and also improves the fluidity. It also improves the castability 
of aluminium alloys due to a better fluidity and lower shrinkage of molten aluminium-silicon alloys. 
Silicon also significantly increases the strength of the alloys and also improves its resistance to abrasive 
wear. This alloy is mainly used as the filler wires for fusion welding and brazing of aluminium. [20] 
 The effects will be different when magnesium, Mg is introduced into the aluminium. It will 
strengthen and hardens the alloys by solid solution hardening mechanism without considerable 
decreases in ductility of the alloys. Mainly these alloys are produced as a sheet and also plate. [21]  
                 When magnesium, Mg and silicon, Si added as the alloying element, magnesium-silicide 
compound were produced. The presents of this compounds will provide the alloy their heat-treatability 
characteristic. This makes the alloys are easily and economically extruded. Common use of this kind of 
alloys are handrails, drive shafts, automotive frames sections, bicycle frames and others. 
 The addition of zinc, Zn elements makes the alloy increases in strength and permits precipitation 
hardening. It also makes the alloys more susceptible to stress corrosion cracking. Due to that, this alloy 
is mainly used in aerospace, armoured vehicles, baseball bats and bicycle frames. 
 Other types of alloying elements such as chromium (Cr), nickel (Ni), lithium (Li), titanium (Ti), 
boron (B), zirconium (Zr), iron (Fe), sodium (Na), antimony (Sb), calcium (Ca), strontium (Sr), and tin (Sn) 
will give the aluminium different properties, functions depending on the alloying element respectively. 
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              For example, chromium, Cr. When chromium is added, it will supress the grain growth at 
elevated temperatures. It also improves the ductility and toughness of aluminium alloys containing iron 
and silicon due to the modification of Al5FeSi intermetallic inclusions from platelet to cubic form. The 
susceptibility to stress corrosion cracking also reduced. [20] 
 Meanwhile nickel is added to aluminium-copper and also aluminium-silicon alloys in order to 
improve the hardness and strength at elevated temperatures. Nickel also reduce the coefficient of 
expansion. The addition of lithium to aluminium can substantially increase the strength and the Young’s 
modulus. It also provides precipitation hardening while decreasing the aluminium density.  
               Titanium is added to aluminium as a grain refines. The grain refining effect of titanium is 
enhanced more if boron is present in the melt or if it is added as a master alloy containing boron 
combined as TiB2. Aluminium weld filler is a common addition of titanium as it refines the weld 
structure and helps to prevent weld cracking. 
 The presents of zirconium in the aluminium is to form a fine precipitate of intermetallic particles 
that inhibits recrystallization. Zirconium also increase the recrystallization temperature. On the other 
hand, sodium, antimony, calcium and strontium will increase the ductility of hypoeutectic and eutectic 
aluminium-silicon alloys by a modification of the silicon phase. 
 Lead and bismuth added to assist in chip formation and also improve the aluminium 
machinability. These free machining alloys are often not weldable. This is due to the lead and bismuth 
produce low melting constituents and can produce poor mechanical properties and also high crack 
sensitivity on solidification. [21] 
 Lastly is the effect of adding tin in the aluminium will reduces the coefficient of friction of the 
aluminium alloys. It also increases the compability, conformability and also embeddability of the 
aluminium alloys.  
               Seizure resistance (compatibility) is the ability of the bearing material to resist physical joining 
(friction welding) with the journal material when the direct metal-to-metal contact between the bearing 
and journal surfaces occurs. High seizure resistance is important when the bearing works in the mixed 
regime of lubrication (low speed, cold start, oil starvation, excessive clearance, high roughness of the 
bearing or shaft surfaces). 
               Conformability is the ability of the bearing material to accommodate geometry misalignments 
of the bearing, its housing or journal. Shape irregularities of a bearing with poor conformability may 
cause localized decrease of the oil fil thickness to zero, where the bearing material experiences 
excessive wear and high specific loading. [20] 
               Embedability is the ability of the bearing material to entrap and sink beneath the surface small 
foreign particles (dirt, debris, dust, abrasive residuals) circulating in the lubricating oil. Poor embedability 
of a bearing material causes accelerated wear and produces scratches on the journal and bearing 
surfaces, which may lead to seizure. [20] 
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4.6 Aluminium alloys work at higher temperature 
 
    Aluminium alloys are composed of a major percentage of aluminium and another element present. 
Some are added intentionally to improve the properties while others may be there as impurities [22]. 
The presence of certain element in aluminium alloys sometimes needed a heat treating in order to 
improve their strength and hardness, while there are also some elements that doesn’t effected with the 
heat treating. In general, aluminium alloys can be divided with 2 sub group which is: heat-treatable 
alloys and non-heated treatable alloys [22]. 
    In this case, will be focusing on the heat-treatable alloys because this type of alloys is workable under 
high temperature. The general types of heat treatments applied to aluminium and its alloys are: 
Preheating or homogenizing, to reduce chemical segregation of cast structures and to improve their 
workability; Annealing, to soften strain-hardened (work-hardened) and heat treated alloy structures, to 
relieve stresses, and to stabilize properties and dimensions; Solution heat treatments, to effect solid 
solution of alloying constituents and improve mechanical properties; Precipitation heat treatments, to 
provide hardening by precipitation of constituents from solid solution [23]. 
    An examples elements of the aluminium alloy that work at high temperature for casting are copper 
(Cu) and silicon (Si) but there are also other type of elements that are added in small quantities for a 
reason to improve the behavior during casting, increase the mechanical properties and reduce porosity. 
Both copper and silicon become the main element for alloy are because they can modify the crystal 
structure to increase hardness and tensile strength. For Al-Cu alloys normally the composition of the 
cooper are about four 4 percent to 5 percent and are notable for their strength and hardness at high 
temperature and commonly used in the fabrication of the piston while for the Al-Si alloys its normally 
contain about 10 percent to 12 percent of the composition of the silicon and is use in manufacturing the 
crankcases, for example. 
    The optimum properties of aluminium are achieved by alloying additions and heat treatments. This 
promotes the formation of small hard precipitates which interfere with the motion of dislocations and 
improve its mechanical properties [24-25].  
    For aluminium alloys that working with annealing at the higher temperature will has the highest 
percentage of elongation. The reason is due to increase in grain coarsening which lead to increasing the 
size of boundary cause more energy of dislocation is needed to cause a fracture to occur. This type of 
material can withstand a higher plastic deformation before the final fracture. Meanwhile, aluminium 
alloys that undergoes age hardening shown the highest hardness result. The highest hardness valued 
developed by age hardening samples can be attributed to precipitation of coherent and finely dispersed 
phases which serves as foreign atom or inclusion in the lattice of host crystal in the solid solution, this 
causes more lattice distortion which make alloys harder [26]. 
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    Conventional high temperature Aluminium alloys like A4032 or A2618 are in use for high performance 
pistons or Aerospace airframe components. There is a high demand for high temperature Aluminium 
alloys for these application because the low weight of Aluminium is from advantage for weight critical 
components. High strength a high temperatures is from significant advantage for the performance of 
the component [27].  
    However most Al-Si alloys are not suitable for high temperature applications because tensile and 
fatigue strengths are not as high as desired in the temperature range of 260°C - 371°C.  When this alloys 
working at higher temperature, the alloy's microstructure strengthening mechanisms will become 
unstable, rapidly coarsen and dissolve resulting in an alloy having an undesirable microstructure for high 
temperature applications. Such an alloy has little practical application at elevated temperatures because 
the alloy lacks the coherency between the aluminium solid solution lattice and the precipitated 
strengthening particles [28-29]  
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4.7 Heat treatment of aluminium alloys 
 
Heat treatment processes for aluminium are a high precision process. Thus, it must be carried in the 
right environment in order to get the desirable results or products. The furnaces that is used for the 
treatment must be properly design and built to provide the thermal conditions by the type of 
treatments desired. The general types of heat treatments applied to aluminium and its alloys are as 
follows: 
 Preheating/Homogenizing 
 To reduce chemical segregation of cast structures 
 To improve their workability 
 Annealing 
 To soften strain-hardened and heat treated alloy structures 
 To relieve stress 
 To stabilize properties and dimensions 
 Solution heat treatments 
 To effect solid solution of alloying constituents 
 Improve mechanical properties 
 Precipitation heat treatments 
 To provide hardening by precipitation of constituents from solid solution 
Homogenizing  
 Applied to ingots prior to hot working. It is referred as ‘’ingot preheating’’. One of the principal 
objectives of homogenizing is to improve the aluminium alloys workability. Mostly the alloys 
microstructures are heterogenous. By doing this heat treatments, the microstructures of the alloys will 
be homogenous. [30] 
Annealing 
 Applied to promote softening. This type of heat treatments area only used for the non-heat 
treatable alloys. The distorted, dislocated structures resulted from cold working aluminium is less stable. 
Lower-purity aluminium and also commercial aluminium alloys undergo these changes only with 
annealing at high temperatures. [31] 
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              There are different annealing mechanisms or processes. They are recovery, recrystallization and 
also grain growth after recrystallization. 
 Recovery: the number dislocations is the greatest at the centre of the grain fragments, 
producing groups of dislocations at the subgrain boundaries. Polygonization will be more perfect and 
the subgrain size will gradually increases with the increases in time and temperature of heating. 
 Recrystallization: characterized by the gradual formation and appearance of microscopically 
resoluble grain structure. The new structure is strain-free but there are few if any dislocations within the 
grains and no concentrations at the grain boundaries. 
 Grain growth after recrystallization: grain coarsening may be produced when heating after 
recrystallization. 
                Usually annealing is carried out in temperature between 300⁰C -410⁰C. This is depending on the 
alloy used. The heating times also can be varied from 0.5 hours to 3 hours depends on the size of the 
load and also types of alloys. 
Solution Heat Treatment 
 Only applicable to the heat treatable alloys. It involves a heat treatment process where the 
alloying constituents are taken into the solution and retained by rapid quenching. Time at the 
temperature for this treatment depends on the type of alloys used and also the load. In order to obtain 
optimum properties, sufficient time must be allowed to take the alloys into the solution. 
 The temperature of this treatment is the most critical in order to success. The most desirable 
temperature is close as possible to the liquidus temperature to obtain maximum solution of the 
constituents [31]. Overheating must be avoided for the success of the treatment, and. Overheating will 
result in a deterioration of mechanical properties. 
Quenching 
 Quenching is a critical operation and in order to obtain optimum results, it must be carried out 
precisely. The objective of this treatment is to ensure that the dissolved constituents remains in solution 
down to room temperature, by cooling rapidly. 
 Critical temperature range: The fundamentals involved in quenching are based on nucleation 
theory applied to diffusion-controlled solid-state reactions. The effects of temperatures on the kinetics 
of isothermal precipitation depend principally upon degree of supersaturation and also the rate of 
diffusion. [30] 
 Quenching medium: The most usual quenching medium is water at room temperature. In the 
immersion quenching, the cooling rate can be reduced by increasing the water temperature. In some 
cases, slow quenching is desirable than rapid quenching as it improves the resistances of stress 
corrosion cracking of copper-free, Al-Zn-Mg alloys. Mediums used in slower quenching include water 
heated to 65 ⁰C-80 ⁰C, boiling water, aqueous solutions of polyalkalene glycol or forced air blast. [30] 
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4.8 Aging process in aluminium 
 
  Precipitation hardening or age hardening is the most common process use in the process of aluminium 
alloys and other nonferrous metals for the commercial use [24].  Precipitation hardening is the process 
of hardening or strengthening of an alloy by precipitating finely dispersed precipitates of the solute in a 
supersaturated matrix. Formation of the small dispersed can be achieved with the appropriate heat 
treatment process. This process is known as the precipitation hardening because the small particles of 
the new phase are termed as “precipitates” was formed and another reason it is called age hardening 
because it involves the hardening of the material over prolonged time. When higher tension is apply 
towards this, the precipitates will act as the obstacle to obstruct the dislocation motion. Therefore, it is 
necessary to apply more tension to get the dislocations to move through the precipitates. As a result, 
the alloy becomes harder and stronger. 
  Mechanism of precipitation hardening (figure 4.2) started with the formation of very small particles or 
precipitate of a second phase. During the precipitation hardening, lattice strains are established at the 
precipitate-matrix interface. There is an increased resistance to dislocation motion by these lattice 
strains in the vicinity of the microscopically small particles [32]. 
 
 
Figure 4.2 Mechanism of hardening process [32] 
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  In order for an alloy system to be able to be precipitation-strengthened, there must be a terminal solid 
solution that has a decreasing solid solubility as the temperature decreases [33]. The table 4.3 shows the 
maximum solid solubility that can be used for different type of elements in aluminium. 
Table 4.3 Solid Solubility of Elements in Aluminium 
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There are three basic steps involve in the process of precipitation aging: solution treatment, quenching 
and aging: 
 
1. The first process of precipitation aging is solution treatment or homogenization. This treatment 
is used prior to hot working processes and is performed to equalize temperatures throughout an 
alloy or to reduce the coring effect caused by the non-uniform chemical composition.   Figure 
4.3 illustrates this phenomenon. During this step, an alloy of composition X1 is heated to a 
temperature T1, between the solvus and solidus temperatures and soaked there until all of the 
solute dissolves into the  α phase and a uniform solid‐solution structure is produced [34]. 
 
 
 
Figure 4.3  Binary phase diagram for two metals A and B having a terminal solid solution ¬ which has a decreasing solid 
solubility of B in A with decreasing temperature [34] 
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2. Quenching or rapid cooling to a room temperature is the process to form a non-equilibrium 
supersaturated solid solution. Quenching is simply cooling the sample rapidly to a lower 
temperature, T3, usually room temperature, and the cooling medium is usually water at room 
temperature.  During quenching, the solute is not immediately able to diffuse out of a phase and 
the alloy is said to be supersaturated.  The rationale behind the quenching process is to preserve 
the uniform solid solution structure of the alloy below the homogenization temperature. By this 
process we can prevent from a diffusion and formation of any second phase [34].  
 
3. The final process for a precipitation hardening is aging. Aging can be done into two different 
ways, natural aging or artificial aging. Natural aging is process when aging is occurring within the 
room temperature while artificial aging is done when aging process takes place above the room 
temperature. Aging is the third step where the supersaturated α, αSS, is heated below the 
solvus temperature to produce a finely dispersed precipitate. Atoms diffuse only short distances 
at this aging temperature. Because the supersaturated α is not stable, the extra copper atoms 
diffuse to numerous nucleation sites and precipitates grow. The formation of a finely dispersed 
precipitate in the alloy is the objective of the precipitation-hardening process [33]. The fine 
precipitates in the alloy impede dislocation movement by forcing the dislocations to either cut 
through the precipitated particles or go around them. By restricting dislocation movement 
during deformation, the alloy is strengthened. 
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    In order for an alloy system to be able to be precipitation-strengthened, there must be a terminal 
solid solution that has a decreasing solid solubility as the temperature decreases. In Figure 4.4 shows 
this type of decrease along the solvus between the α and α+θ regions. Consider a 96wt%Al – 4wt%Cu 
alloy which is chosen since there is a large degrease in the solid solubility of solid solution α in 
decreasing the temperature from 550°C to 75°C. 
 
Figure 4.4 Phase diagram Al-Cu and the microstructure that are produced [33] 
  As it turns out, Cu in aluminium do not simply precipitate out according to the phase diagram, but 
rather it forms metastable precipitate phase, before finally forming the equilibrium phase, such as Al2Cu.  
When it is noneqilibrium, small precipitates called Guinier-Preston (GP) zones are produced.The aging 
process will produce GP-1 zone and further on GP-2 zone. As the precipitates grow they reach a certain 
point where θ ´ is produced and all these 3 zones are coherent [35]. The last precipitate zone to form is 
theta and is incoherent and it is also at this stage where strength decreases when increasing aging time, 
overaging. These different zones are strongly dependant on time and temperature and differ from alloy 
to alloy and from heat treatment to heat treatment, Fig 4.5 shows the scheme and structure forming the 
stable state. 
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Figure 4.5 The scheme and structure of GP zones until stable incoherent θ [35] 
    As these reactions occur, the hardness changes, at first increasing as the precipitates nucleate and 
grow (or age), and changing from coherent to incoherent phases.    Eventually the strength decreases as 
the incoherent precipitates grow in size but decrease in number (i.e., overage), see Figure 4.6. In figure 
4.7 shows strength and hardness as a function of the logarithm of aging time at constant temperature 
during the precipitation hardening treatment. 
 
Figure 1 Microstructural development with aging time 
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Figure 4.7 strength against hardness as a function of logarithm [36] 
    A typical one-peak precipitation-strengthening curve consists of two stage, as shown in Fig 4.8. In 
stage I, the resistance of precipitate against dislocation cutting results in strength increase. In stage II, a 
dislocation is forced to loop around the precipitate rather than cutting through, which also results in 
strength increase compared with the solution-treated material. To make the discussions easier, the term 
‘ strengthening’ is used to describe the strength increase in stage I in which the alloys undergoes 
underaging period while in stage II the alloys undergoes overaging period. [37] 
 
 
Figure 4.8  A typical one-peak hardening curve [37] 
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    Overaging in precipitation hardening was occur after a certain period of time. At first the strength or 
hardness of the alloys increase and eventually will reaches a maximum. Afterwards, the strength will be 
decrease. This reduction in strength and hardness that occur is known as the overaging. This reduction 
in strength occur due to decrease in coherency strains around precipitates and increase in precipitates 
distance with increasing aging time, the flow stress decreases [38] 
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4.9 Effect of heat treatment and aging process in aluminium 
 
    Aging processes are the most important processes determining casting microstructure and mechanical 
properties. [39-40] The mechanical properties can determine by controlling the microstructures of the 
alloys. [41-42] Aging are important processes to homogenize α-Al dendrites in aluminium alloys [42]. 
Aging increased the hardness of samples that were solution treated, and due to precipitation. 
Subsequent drop in hardness can be attributed to overaging caused by coarsening of the precipitates.  
    By artificial aging, fine precipitates form not only at the grain boundary, but randomly distributed on 
lattice vacancies throughout the grains. It greatly improves mechanical properties and, if the extent of 
aging is sufficient, improves corrosion resistance by eliminating the tendency for localized intergranular 
corrosion. The artificial aging time is inversely proportional to the temperature and can vary greatly with 
individual alloys, even involving multiple step treatments. The size, shape and distribution of the 
intermetallic particles that capture the dislocation and act as nucleation sites for precipitation is 
determined by high- temperature treatments early in the fabrication stage [43] 
    Variations in thermal treatments such as solution heat treatment, quenching or cooling, and 
precipitation heat treatment (aging) can have marked effects on the local chemistry and hence the 
localized corrosion resistance of high-strength, heat treatable aluminium alloys. Ideally, all alloying 
elements should be fully dissolved, and the quench cooling rate should be rapid enough to keep them in 
solid solution. This objective usually is achieved, except when alloying elements exceed the solid 
solubility limit, but a sufficiently rapid quench often is not obtained, either because of the physical 
cooling limitations or the need for slower quenching to reduce residual stresses and distortion. 
Generally, practices that result in a non-uniform microstructure will lower corrosion resistance.  
    Precipitation treatment (aging) which is conducted primarily to increase strength, lead to precipitation 
of secondary phases on grain boundary which cause IGC. IGC is a selective corrosion that takes place at 
grain boundaries or at closely adjacent regions without appreciable attack of the grains themselves. IGC 
is the result of micro-galvanic cell action at the grain boundaries, due to formation of grain boundary 
precipitates, which are either more active or more noble than the surrounding solid solution aluminium 
matrix.[44] 
    Some precipitation treatments go beyond the maximum strength condition (T6 temper) to markedly 
improve resistance to intergranular corrosion, exfoliation, and SCC through the formation of randomly 
distributed, incoherent precipitates.This diminishes the adverse effect of highly localized precipitation at 
grain boundaries resulting from slow quenching, underaging, or aging to peak strengths.  
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    Overaging may be beneficial; it can reduce, or eliminate, IGC susceptibility, however, this may be at 
the expense of introducing pitting. Reduced IGC susceptibility due to overaging appears to be the result 
of coarsening of the particles at the grain boundaries and in the matrix. While the former breaks the 
continuity of the microgalvanic cells, the latter reduces the difference in the corrosion potential 
between the depleted zone and the matrix because solute elements are lost to the precipitates formed 
in the matrix [45]. 
 
4.9.1 Effect of aging time at low aging temperature 
 
     The age hardening behaviour was influenced by the aging temperature in the usual manner: aging at 
the higher temperature produced an earlier peak hardness compared with aging at the lower 
temperature. No significant change in the value of peak hardness was observed in figure 4.9 with 
increasing the aging temperature.  
 
Figure 4.9 Variation of hardness as a function of aging time for samples aged at 225, 185and 140 °C after solution heat 
treatment at 550 °C for 2 hrs. [44] 
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4.9.2 Effect of aging on Microstructure 
 
    Age hardening characteristics are evident in Al-Cu aluminium alloy; with an increase in aging time, the 
mechanical strength of the alloy increased considerably and dropped gradually after a maximum value 
of aging time. Effect of aging is affected by various factors viz. solid solution strengthening, substrate’s 
recovery and recrystallization and new phase precipitation. The first two factors lower the strength of 
the alloy with the increase in aging time, but phase precipitation. [46] 
 
4.9.3 Effect of aging on Hardness 
 
    The influence of aging time on hardness is shown in Figure 4.10.The increase in hardness was due to 
the formation of precipitates which interacted with the dislocation movements. The decrease in 
hardness might have been due to over-aging of the specimen. Therefore it maybe concluded that the 
hardness increases with increasing aging time up to a certain limit which depends on the alloy 
composition and aging temperature.[47-48] 
 
Figure 4.10 Hardness versus aging time [46] 
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    Figure 4.11 shows the variation of % elongation with hardness of the alloy as a function of aging time. 
As stated above the hardness of the alloy increases with aging time. Generally, % elongation decreases 
with increasing hardness. The same behaviour was obtained in this study. Hence it maybe concluded 
that the % elongation varies inversely with hardness of the alloy.  
 
 
Figure 4.11 Elongation versus hardness [46] 
 
4.9.4 Effect of aging on Tensile strength 
 
    As the aging temperature decreases, tensile strength of the material increases with the reduction in 
toughness and ductility. The as-cast specimen show neither higher strength nor toughness. This may be 
due to the continuous network of solute rich brittle phase along the grain boundary. If the aging process 
is designed properly, the strength of the material increases. This may be due to the fine distribution of 
secondary precipitates in the aluminium rich solid solution matrix. Lower the aging temperature higher 
is the tensile strength. This is due to straining the matrix during the precipitation of inter-metallic with 
number of intermediate metastable stages. [49]. 
    Figure 4.12 shows the variation of Tensile strength with aging time. It is seen that the tensile strength 
of the alloy increases as time increases from 0 hours to 36 hours. It is observed that the tensile strength 
value decreases with further aging treatment. It may be due to overaging. [46] 
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Figure 4.12 Tensile strength versus aging time for Al-4.5Cu [46] 
Figure 4.13 shows the variation of tensile strength with the hardness of the alloy. It was found that the 
tensile strength increases with increase in hardness of the specimen. Hence it maybe concluded that the 
tensile strength is a linearly varying function of the hardness of the alloy. 
 
Figure 4.13 Tensile Strength versus hardness for Al-4.5Cu [46] 
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4.9.5 Effect of aging on Wear Resistance 
 
    In all the load conditions as the sliding distance increases wear rate decreases after the initial severe 
wear. At lower loads the intensity of strain hardening are small, accordingly the wear rate is not so 
sensitive with sliding distance and aging conditions. But appreciable changes are observed at higher 
loads. Higher the load, strain hardening is also higher, thus wear rate is lower. But higher the aging 
temperature higher is the wear rate. At higher aging temperature coarser the grain, lesser is the 
hardness or higher is the wear rate and lesser number of intermediate zones in the formation of 
coherent precipitates that is lesser is the strain on the matrix. On the other hand lower aging results in 
more number of intermediate zones, more is the coherent strain in the lattices with the precipitation of 
finer intermetallic. Higher load and higher sliding distance condition imparts severe strain hardening, 
hence wear rate decreases. This phenomenon is clearly observed in wear rate curves as shown in Figure 
4.14, 4.15, 4.16 at different load conditions. 
 
 
Figure 4.14 Wear rate v/s sliding distance of As-cast and peak aged Al 6061 alloy at 15N [49] 
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Figure 4.15 Wear rate v/s sliding distance of As-cast and peak aged Al 6061 alloy at 30N [49] 
 
 
 
Figure 4.16  Wear rate v/s sliding distance of As-cast and peak aged Al 6061 alloy at 45N [49] 
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5. Experiment Methods 
5.1 Materials 
 
The material that is used in this study is aluminium A2017 which is an Al-Cu alloy. This alloy contains 
4.3% of Copper. 
 
Figure 5.1 Crude material 
5.1.1 Chemical Compositions of the Aluminium Alloys 
 
 Table 5.1 The chemical composition of the alloy used in this study. 
Al  Cr Cu  Zn   Fe  Ti  Mg  
93.34 0.018 4.277 0.029 0.286 0.017 0.725 
The magnesium in the alloy increases the corrosion resistance and when it combines with Zinc, the 
possibility of improvement of the properties through heat treatment increases. 
Meanwhile, the copper element increases the hardness and also ductility of the cast whether it is a 
heat-treated or non-heat-treated alloy. This reduces the corrosion in some of the compositions and also 
specific conditions of the material. 
The present of iron react with aluminium, silicon and magnesium to form insoluble intermetallic to act 
as the detriment of the strength and ductility of the material. 
Lastly, zinc element does not give any significance changes in the properties of the aluminium alloys.  
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5.1.2 Preparation of casting 
 
Characteristic of the alloy: 
• Liquidous temperature: 640°C 
• Solidus temperature: 513°C 
In order to perfectly obtain a melting casting (Table. 5.2), a higher temperature is needed. Thus, the 
furnace temperature was set to 740ºC in order to do so. For each casting, a weight of approximately 410 
g of crude material is used. This weight will be constantly throughout this study with a range of ±5 g. 
Thus, the result of the experiment is not affected by the different in weight. Nine different casting was 
produced in this study. This is to identify the different in hardness and also microstructures of the alloy 
when a foreign element was added.  
 
                     Table.5.2 shows the different casting and its respectively foreign element. 
A2017 Cr+ Cr- Zr+ Zr- Cr+Zr+ Cr+Zr- Cr-Zr+ Cr-Zr 
Cr+ 1 0 0 0     
Cr- 0 1 0 0     
Zr+ 0 0 1 0     
Zr- 0 0 0 1     
Cr+Zr+ 0 0 0 0 1    
Cr+Zr- 0 0    1   
Cr-Zr+       1  
Cr-Zr-        1 
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    The nine casting that was produced are as below: 
                 Table 5.3 Designation of experiments 
Casting Material 
1 A2017 
 
2 A2017 + 0,2 % Cr 
3 A2017 + 0,4 % Cr 
4 A2017 + 0,2 % Zr 
 
5 A2017 + 0,4 % Zr 
6 A2017 + 0,2 %Zr + 0,2 Cr 
7 A2017 + 0,4 % Zr + 0,4 Cr 
8 A2017 + 0,2 %Zr + 0,4 Cr 
9 A2017 + 0,4 % Zr + 0,2 Cr 
 
 
Figure 5.1 Casting of aluminium 
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5.1.3 Preparation of Specimens 
 
For each casting, they were cut into three pieces using a mitter saw (Fig. 5.3). The parts above is 
reserved and will not be used if possible. This is due to the above parts has been oxidized during the 
cooling process. Meanwhile the below part will be used for chemical analysis. This process is important 
in order to see the alloys that was added is distributed evenly or not. The middle part will be used for 
heat treatments, measuring hardness and also for metallographic study. In order to do so, this part was 
cut into a minimum of 12 small specimens with size of 20x200x10 approximately using the saw Struers 
Labotom cut-off machines (Fig 5.4). 
 
Figure 5.3  Cut-off machines to cut the casting 
 
 
Figure 5.4 Specimens cut using Mitter saw 
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5.1.4 Obtaining of Metallographic Specimen 
 
In order to realize the study of metallographic, the specimens must be prepared. This was done by Struers 
mounting press machine . (Fig. 5.5) 
  
Figure 5.5 Mounting press machine 
 
PolyFast resin was used to make the specimens (Fig. 5.6) under these conditions: 
 Heating temperature: 180°C 
 Heating time: 7 min. 
 Cooling time: 3 min. 
 Pressure: 20 kN 
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Figure 5.6 Specimens for metallographic analysis 
After the specimens is ready, continue to the next stage of grinding and polishing with a Struers semi-
automatic grinding and polishing machine (Fig. 5.7) following the process below: 
1. 4 different types of SiC grinding disc with different granulometry used in this process. 
Starting from 180-500-800-1200. 
2. For each disc, the specimens were left for 10 minutes with a force of 15 kN. 
3. The last disc, the polishing disc, Alumina or aluminium oxide of 1 µm is used. For every 
minute, a squirt of Alumina is put to the specimens. 
4. Lastly, the specimens are cleaned with distilled water and then left to dry using a blower. 
 
Figure 5.7 Polishing machine 
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5.2 Heat Treatments 
 
The same furnace that is used for melting and heat treatment in order to avoid any effects or changes 
(Fig 5.8) 
 
Figure 5.8 Hobersal high temperature furnace use for melting aluminium 
 
5.2.1 Solution Heat Treatment 
 
The solution heat treatment is done at a temperature of 491°C for 6 hours. The specimens were left 
inside the furnace and after 6 hours, they were taken out and directly put into water for quenching. 
Quenching is done by submerging the specimens that have gone through solution heat treatment into 
water at room temperature. Then the specimens were put in freezer to prevent changes to the internal 
structure of the material before going through aging process. 
  
Development of cast aluminium alloys for elevated temperature  Pág. 45 
 
 
 
5.2.2 Aging Heat Treatment 
 
Aging treatment was done under the temperature of 250°C for a range of times. All the specimens had 
undergone the solution heat treatments and quenching first before going into aging treatment and all of 
them were done in the same conditions which are at 491°C for 6 hours. 
In order to differentiate the specimen’s due to different in duration of aging, the specimens will be mark 
by numbers which each number represent their specific casting and duration of aging process. 
Table 5.4 shows the marking for each specimen respectively with their number of casting and duration 
of aging. 
Table.5.4 The marking for each specimen respectively with their number of casting and duration of aging. 
No. Of 
Casting 
Duration of Aging (Hours) 
0 0.5 1 2 3 4 6 8 12 24 48 
1 1 2 3 4 5 6 7 8 9 10 11 
2 1 2 3 4 5 6 7 8 9 10 11 
3 1 2 3 4 5 6 7 8 9 10 11 
4 1 2 3 4 5 6 7 8 9 10 11 
5 1 2 3 4 5 6 7 8 9 10 11 
6 1 2 3 4 5 6 7 8 9 10 11 
7 1 2 3 4 5 6 7 8 9 10 11 
8 1 2 3 4 5 6 7 8 9 10 11 
9 1 2 3 4 5 6 7 8 9 10 11 
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5.3 Hardness Test  
 
The test was done before and after the heat treatment process. For the first time is when the casting 
has cool down after melting. They will be directly test for hardness in order to compare and to see the 
difference of before and after heat treatment. The last test will be after all specimens have undergone 
heat treatments which are solution heat treatment, quenching and aging. This test is done with a 
Durometer. 
5.3.1 Brinell Hardness  
 
The Brinell hardness test was done using a Durometer (Fig. 5.9). The specimens must be place in contact 
with the plate and must be completely flat in order to get an optimum result. The test is always done 
under the standard UNE-EN ISO 6506-1:2006 – Metallic Materials. Brinell hardness test. 
 
Figure 5.9 Emco Durometer 
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5.3.1.1 Test Parameters 
 
The test must be done under these parameters for Brinell hardness test: 
• Value load used for all test: 612.9 N 
• Relation of load-diameter: 10 N・mm-2 
• The diameter of sphere: 2.5 mm 
• Hardness symbol: HBW 2.5/62.5  
 
5.3.2 Vickers Microhardness Test 
 
This test was done only for specific specimen which are specimen after smelting, after solution heat 
treatment and quenching and also specimen for each casting that have the highest Brinell hardness after 
aging regarding the time of aging process. 
The objective of this test is to obtain the hardness of the α-phase not at the intermetallic phase of the 
aluminium. With the data that was obtain using this test, more specific study can be done. The test is 
always done under the standard UNE-EN ISO 6507-1:2006 
In order to realize this test, a microdurometer was used (Fig. 5.10) 
 
Figure 5.10  Struers microdurometer 
 
Development of cast aluminium alloys for elevated temperature  Pág. 48 
 
 
 
5.3.2.1 Test parameters 
 
The test must be done under these parameters: 
 The maximum load applied: 98.12 mN 
 Press time: 15 s 
 Lens use: 40X 
 
5.4 Metallographic Study 
 
The study of metallographic is done using Leica MEF4AM microscope. (Fig. 5.11) 
 
Figure 5.3.2 Leica MEF4AM microscope 
This optical microscope has a video camera that is connected to a computer and a software for image 
analysis was already installed in the computer. The software used is QWin software. The software will 
enable to see the microstructure live in the computer and also it allows the user to save the picture of 
the microstructure. 
For this study, 18 specimens were prepared and well-polished. They were divided into two which the 
first 9 specimens are specimens before heat treatment while the other 9 specimens have gone through 
solution heat treatment for 6 hours and rapid quenching. 
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5.5 Chemical Composition Study 
 
 
Figure 5.12 Spectromaxx Spectrometer 
To analyse the chemical composition of each casting after smelting, a Spectromaxx spectrometer is used 
(Fig. 5.12). The spectrometer is connected to a computer and using a software, the chemical 
composition of each casting can be known.  
For every casting, the analysis will be done 10 times and the mean value will be used as the result. This 
test is done in order to see the increase in value of percentage of Cr or/and Zr added in the casting. 
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6. Results 
6.1 Weight of each casting 
 
     In these experiment, there are 9 different type of casting that had been carried out and each casting 
contain different type and alloy composition. These casting are classified into: 
1. Al-Cu 
2. Al-Cu + 0.2% Cr 
3. Al-Cu + 0.4% Cr 
4. Al-Cu + 0.2% Zr 
5. Al-Cu + 0.4% Zr 
6. Al-Cu + 0.2 % Cr + 0.2 % Zr 
7. Al-Cu + 0.4 % Cr + 0.4 % Zr 
8. Al-Cu + 0.4 % Cr + 0.2 % Zr 
9. Al-Cu + 0.2 % Cr + 0.4 % Zr 
Initially, before the process of casting, the longer bar of Al-Cu must had been cut into a small pieces in 
order to fit into the potter’s clay. Each of these casting had different weight of the Al-Cu. The weighted 
of each casting must have in range between 410 ± 5 grams. The table 6.1 show the individual weight of 
each casting before smelt inside the furnace. 
Table 6.1: Weight of individual designated casting /g 
Type of 
Casting Al-Cu 
Al-Cu + 
0.2% Cr 
Al-Cu + 
0.4% Cr 
Al-Cu + 
0.2% Zr 
Al-Cu + 
0.4% Zr 
Al-Cu + 0.2 
% Cr + 0.2 % 
Zr 
Al-Cu + 0.4 
% Cr + 0.4 
% Zr 
Al-Cu + 
0.4 % Cr + 
0.2 % Zr 
Al-Cu + 0.2 
% Cr + 0.4 
% Zr 
Weight 
total 
(grams) 414.351 414.073 415.829 412.863 414.125 411.066 413.608 414.377 414.249 
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6.2 Composition of chemical alloys in each casting  
 
After the process of smelting in the furnace, the lower part of the casting was cut and been used for the 
chemical composition test. The composition chemical of alloys of each casting test took place with the 
spectromaxx spectrometer. The process of composition test had been carried out to each of designated 
casting except for Al-Cu. Table 6.2, 6.3 and 6.4 show the composition of chemical alloys in each 
designated casting. 
 
Table 6.2 Composition of chemical alloy in each designated casting 
Type of casting Percentage of chemical composition of alloys in each casting (%) 
Si Fe Cu Mn Mg Cr Ni 
Al-Cu - - - - - - - 
Al-Cu + 0.2% Cr 0.87 0.431 4.7 0.91 0.63 0.06 0.053 
Al-Cu + 0.4% Cr 2.177 0.4228 4.63 0.644 0.6293 0.3144 0.1605 
Al-Cu + 0.2% Zr 2.692 0.4573 4.462 0.636 0.6018 0.0391 0.1963 
Al-Cu + 0.4% Zr 1.537 0.373 4.269 0.838 0.636 0.0294 0.122 
Al-Cu + 0.2%Zr + 
0.2%Cr 
0.82 0.475 4.52 0.73 0.57 0.434 0.11 
Al-Cu + 0.4%Zr + 
0.4%Cr 
0.79 0.443 4.43 0.72 0.6 0.73 0.079 
Al-Cu + 0.2%Zr + 
0.4%Cr 
0.77 0.422 4.17 0.62 0.63 0.342 0.129 
Al-Cu + 0.4%Zr + 
0.2%Cr 
0.87 0.431 4.14 0.61 0.59 0.326 0.146 
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Table 6.3 Composition of chemical alloy in each designated casting 
Type of casting Percentage of chemical composition of alloys in each casting (%) 
Zn Ti Be Ca Cd Co Na 
Al-Cu - - - - - - - 
Al-Cu + 0.2% Cr 0.1830 0.0340 0.0001 0.0077 0.0001 0.0140 0.0017 
Al-Cu + 0.4% Cr 0.3918 0.0895 0.0004 0.0221 0.0345 0.2233 0.0036 
Al-Cu + 0.2% Zr 0.7363 0.1083 0.0005 0.0252 0.0320 0.2816 0.0040 
Al-Cu + 0.4% Zr 0.4035 0.0769 0.0003 0.0174 0.0113 0.1535 0.0025 
Al-Cu + 0.2%Zr 
+ 0.2%Cr 
0.6500 0.0590 0.0003 0.0160 0.0190 0.1400 0.0035 
Al-Cu + 0.4%Zr 
+ 0.4%Cr 
0.2500 0.0430 0.0002 0.0100 0.0110 0.0890 0.0026 
Al-Cu + 0.2%Zr 
+ 0.4%Cr 
0.4670 0.0730 0.0003 0.0140 0.0360 0.1810 0.0045 
Al-Cu + 0.4%Zr 
+ 0.2%Cr 
0.4580 0.0860 0.0004 0.0160 0.0300 0.2180 0.0051 
 
 
Table 6.4 Composition of chemical alloy in each designated casting 
Type of casting Percentage of chemical composition of alloys in each casting (%) 
P Pb Sn Sr V Zr Al 
Al-Cu - - - - - - - 
Al-Cu + 0.2% Cr - 0.0490 0.0190 0.0003 0.0110 0.0054 <92.0 
Al-Cu + 0.4% Cr 0.0032 0.0312 0.0624 0.0059 0.0292 0.0384 <90.1 
Al-Cu + 0.2% Zr 0.0080 0.0521 0.0900 0.0083 0.0380 0.1369 <89.4 
Al-Cu + 0.4% Zr 0.0017 0.0277 0.0515 0.0006 0.0276 0.2626 <91.1 
Al-Cu + 0.2%Zr 
+ 0.2%Cr 
0.0250 0.1770 0.0570 0.0006 0.0230 0.2640 <90.9 
Al-Cu + 0.4%Zr 
+ 0.4%Cr 
0.0012 0.1190 0.0250 0.0003 0.0180 0.2110 <91.4 
Al-Cu + 0.2%Zr 
+ 0.4%Cr 
0.0110 0.2250 0.0410 0.0005 0.0290 0.2660 <91.6 
Al-Cu + 0.4%Zr 
+ 0.2%Cr 
0.0110 0.2650 0.0450 0.0005 0.0350 0.3070 <91.4 
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6.3 Theoretical calculation of Cr and Zr 
 
 Addition of alloy is the most crucial part in this experiment, the calculation need to be precise 
before the additional alloys is added. The experimental value should have precision within ± 0.5 grams 
from the theoretical value. In this experiment there are 2 simple formula that used to calculate the 
amount of alloys, which are: 
𝑋
100
 𝑥 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑠𝑡𝑖𝑛𝑔 = 𝑌 𝑔𝑟𝑎𝑚𝑠     (1) 
𝛼 𝑥 𝑌 = 𝑍 𝑔𝑟𝑎𝑚𝑠     (2) 
 
X = percentage of alloys use (Cr= 0.2 % or 0.4 %, Zr= 0.2% or 0.4 %) 
Y= Value of composition of alloy needed 
α = Ratio of alloys used (Cr =5, Zr= 10) 
Z = Theoretical weight of alloy to be added 
 
6.3.1 1St  casting (Al-Cu 2017) 
In the first casting there is no addition metal that been added into the specimen, it used 
the original composition of the Al-Cu 2017. 
 
6.3.2 2nd  Casting (Al-Cu 2017+ 0.2% Cr) 
 
Total weight for the second casting was 414.073 grams; however, in this casting another 0.2% Cr 
is been added into this casting. 
 Theoretical calculation: 
 0.2% Cr that must been added to the total weight of casting 2 was: 
 
0.2
100
 𝑥 414.073 = 0.828 𝑔𝑟𝑎𝑚𝑠 
 Ratio of Cr was 1/5 to the total weight, thus value obtained in [I] was  
multiplied by 5 to get the exact amount of Cr added to the casting. 
Total weight of Cr added into the casting was 
 5 𝑥 0.828 = 4.14073𝑔𝑟𝑎𝑚𝑠  
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6.3.3 3rd casting (Al-Cu 2017+ 0.4% Cr) 
 
Total weight for the second casting was 415.829 grams; however, in this   casting another 0.4% 
Cr is been added into this casting. 
 Theoretical calculation: 
 0.4% Cr that must been added to the total weight of casting 3 was: 
 
0.4
100
 𝑥 415.829 = 1.663 𝑔𝑟𝑎𝑚𝑠 
 Ratio of Cr was 1/5 to the total weight, thus value obtained in [1] was  
multiplied by 5 to get the exact amount of Cr added to the casting 
 
Total weight of Cr added into the casting was 
 5 𝑥 1.663 = 8.315 𝑔𝑟𝑎𝑚𝑠 
 Experimental value of Cr 0.4% was 8.315 grams  
 
6.3.4 4th casting (Al-Cu 2017+ 0.2% Zr) 
 
Total weight for the second casting was 415.829 grams; however, in this   casting another 0.2% 
Zr is been added into this casting. 
 Theoretical calculation: 
 0.2% Zr that must been added to the total weight of casting 4 was: 
 
0.2
100
 𝑥 412.863 = 0.826 𝑔𝑟𝑎𝑚𝑠 
 Ratio of Zr was 1/10 to the total weight, thus value obtained in [1] was  
multiplied by 10 to get the exact amount of Zr added to the casting 
 
Total weight of Zr added into the casting was : 
 10 𝑥 0.828 = 8.260 𝑔𝑟𝑎𝑚𝑠 
 Experimental value of Zr 0.2% was 8.260 grams  
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6.3.5 5th casting (Al-Cu 2017+ 0.4% Zr) 
 
Total weight for the second casting was 414.125 grams; however, in this   casting another 0.4% 
Zr is been added into this casting. 
 Theoretical calculation: 
 0.4% Zr that must been added to the total weight of casting 5 was: 
 
0.4
100
 𝑥 414.125 = 1.656 𝑔𝑟𝑎𝑚𝑠 
 Ratio of Zr was 1/10 to the total weight, thus value obtained in [1] was  
multiplied by 10 to get the exact amount of Zr added to the casting 
 
Total weight of Zr added into the casting was 
 10 𝑥 1.656 = 16.560 𝑔𝑟𝑎𝑚𝑠 
 Experimental value of Zr 0.4% was 16.560 grams  
 
6.3.6 6th casting (Al-Cu 2017+ 0.2% Zr + 0.2%Cr) 
 
Total weight for the second casting was 414.066 grams; however, in this   casting another 0.2% 
Zr and 0.2%Cr are been added into this casting. 
 Theoretical calculation: 
 Amount 0.2% Zr and 0.2%Cr that must been added to the total weight of     
              casting 6 were: 
   
0.2
100
 𝑥 414.066 = 0.828𝑔𝑟𝑎𝑚𝑠 
 
Total weight of Zr and Cr added into the casting was 
 Zr:  10 𝑥 0.828 = 8.28 𝑔𝑟𝑎𝑚𝑠 
              𝐶𝑟: 5 𝑥 0.828 = 4.14 𝑔𝑟𝑎𝑚𝑠 
 Experimental value of Zr 0.2% was 8.28 grams, Cr 0.2% was 4.14 grams                                       
               Total theoretical weight was 12.42 grams 
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6.3.7 7th casting (Al-Cu 2017+ 0.4% Zr + 0.4%Cr) 
 
Total weight for the second casting was 413.608 grams; however, in this   casting another 0.4% 
Zr and 0.4%Cr are been added into this casting. 
 Theoretical calculation: 
 Amount of 0.4% Zr and 0.4%Cr that must been added to the total weight of  
               casting 7 were :  
   
0.4
100
 𝑥 413.608 = 1.654 𝑔𝑟𝑎𝑚𝑠 
 
Total weight of Zr and Cr added into the casting was 
 Zr:  10 𝑥 1.654 = 16.54 𝑔𝑟𝑎𝑚𝑠 
              𝐶𝑟: 5 𝑥 1.654 = 8.27𝑔𝑟𝑎𝑚𝑠 
 
          Experimental value of Zr 0.4% was 16.54 grams, Cr 0.4% was 8.27 grams                                       
           Total theoretical weight was 24.81 grams 
 
6.3.8 8th casting (Al-Cu 2017+ 0.2% Zr + 0.4%Cr) 
 
Total weight for the second casting was 414.377 grams; however, in this   casting another 0.2% 
Zr and 0.4%Cr are been added into this casting. 
 Theoretical calculation: 
 Amount of 0.2% Zr and 0.4%Cr that must been added to the total weight of  
              casting 8 were :  
   
0.2
100
 𝑥 414.377 = 0.828 𝑔𝑟𝑎𝑚𝑠 
   
0.4
100
 𝑥 414.377 = 1.6548 𝑔𝑟𝑎𝑚𝑠 
 
 
Development of cast aluminium alloys for elevated temperature  Pág. 57 
 
 
 
 
Total weight of Zr and Cr added into the casting was 
 Zr:  10 𝑥 0.828 = 8.28 𝑔𝑟𝑎𝑚𝑠 
              𝐶𝑟: 5 𝑥 1.658 = 8.29 𝑔𝑟𝑎𝑚𝑠 
 Experimental value of Zr 0.2% was 8.28 grams, Cr 0.4% was 8.29 grams                                       
              Total theoretical weight was 16.57 grams 
 
6.3.9 9th casting (Al-Cu 2017+ 0.4% Zr + 0.2%Cr) 
 
Total weight for the second casting was 414.249 grams; however, in this   casting another 0.4% 
Zr and 0.2%Cr are been added into this casting. 
 Theoretical calculation: 
 Amount of 0.4% Zr and 0.2%Cr that must been added to the total weight of  
              casting 9 were :  
 
   
0.2
100
 𝑥 414.249 = 0.828 𝑔𝑟𝑎𝑚𝑠 
   
0.4
100
 𝑥 414.249 = 1.657 𝑔𝑟𝑎𝑚𝑠 
 
Total weight of Zr and Cr added into the casting was 
 Zr:  10 𝑥 1.657 = 16.57 𝑔𝑟𝑎𝑚𝑠 
             𝐶𝑟: 5 𝑥 0.828 = 4.14 𝑔𝑟𝑎𝑚𝑠 
 
 Experimental value of Zr 0.4% was 16.57 grams, Cr 0.2% was 4.14 grams                                       
              Total theoretical weight was 20.71 grams. 
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6.3.10 Experimental value of Zr and Cr  
 
Meanwhile the main Al-Cu 2017 was smelting inside the furnace at the temperature 740 ⁰C, another 
alloys was added towards each of designated casting except for the first casting. The weight of each 
additional alloys is variable depending on the weight of the individual casting. The table 6.5 below show 
the additional weight of alloys that had been added into each of the casting during the smelting process 
in the furnace. The measurement of the weight been recorded using the electronic weighting scale. 
Table 6.5 Additional weight of Zr and Cr added to the casting 
Number Casting Alloy  added Theoretical value to 
add /g 
Experimental value 
added /g 
1 Al-Cu 2017 - - - 
2 Al-Cu 2017 +0.2%Cr Al-10%Cr 4.141 ± 0.5 4.196 
3 Al-Cu 2017+0.4% Cr  Al-10%Cr 8.315 ± 0.5 8.395 
4 Al-Cu 2017+ 0.2% Zr  Al-20%Zr 8.260 ± 0.5 8.214 
5 Al-Cu 2017+ 0.4% Zr  Al-20%Zr 16.560 ± 0.5 16.590 
6 Al-Cu 2017+ 0.2% Zr + 
0.2%Cr 
Al-20%Zr 8.280 ± 0.5 8.312 
Al-10%Cr 0.828 ± 0.5 4.126 
7 Al-Cu 2017+ 0.4% Zr + 
0.4%Cr 
Al-20%Zr 16.540 ± 0.5 16.475 
Al-10%Cr 8.270 ± 0.5 8.322 
8 Al-Cu 2017+ 0.2% Zr + 
0.4%Cr 
Al-20%Zr 8.280 ± 0.5 8.312 
Al-10%Cr 8.290 ± 0.5 8.239 
9 Al-Cu 2017+ 0.4% Zr + 
0.2%Cr 
Al-20%Zr 16.570 ± 0.5 16.615 
Al-10%Cr 4.140 ± 0.5 4.091 
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6.4 Hardness Test  
6.4.1 Hardness after smelting process 
 
After the smelting process, the casting had been cooled down to room temperature. Each of the casting 
had been cut into 3 different part. These part can been sort into: 
1. The upper part of the casting (does not use because have  an excessive oxide layer ) 
2. Middle part : Use to cut into further small 11 specimen for the process of heat treatment 
3. Lower part :  Use for the chemical test composition 
 
The middle part of the casting is used for the hardness test to determine the hardness obtain after the 
smelting in the furnace at the temperature of 740 ⁰C. Table 6.6 to table 6.10 below shows the hardness 
of the casting before went into heat treatment process. 
Formula use : 
Average=
∑𝑑𝑖
𝑛
     (3) 
x-mean = |average - di|     (4) 
Variance (σ2) = s2= 
1
𝑛
 ∑di2     (5) 
Standard deviation (σ) = s = (
1
𝑛
 ∑di2)*1/2     (6) 
Average Error (S) = 
𝑠
√𝑛
     (7) 
 
n = Number of measurement 
di = experimental value of each measurement 
x-mean = deviation of each measurement 
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Table 6.6 Calculation of error for 1st and 2nd Casting 
 
 Al-Cu |x-mean| (x-mean)2  Al-Cu + 
0.2% Cr 
|x-mean| (x-mean)2 
d1 56.4 0.700 0.490 d1 52.5 0.700 0.490 
d2 55.9 1.200 1.440 d2 54.8 1.600 2.560 
d3 59.0 1.900 3.610 d3 52.3 0.900 0.810 
average 57.1 
 
5.540 Average 53.2 
 
3.860 
variance 
  
1.847 Variance 
  
1.287 
Standard 
deviation 
1.35 
 
 Standard 
deviation 
1.13 
 
 
average 
error 
 
 
0.785 Average 
error 
  
0.655 
 
 
Table 6.7 Calculation of error for 3rd and 4th Casting 
 Al-Cu + 
0.4% Cr 
|x-mean| (x-mean)2  Al-Cu +  
0.2%Zr 
|x-mean| (x-mean)2 
d1 56.4 0.867 0.751 d1 54.1 0.833 0.694 
d2 56.8 0.467 0.218 d2 57.4 2.467 6.084 
d3 58.6 1.333 1.778 d3 53.3 1.633 2.668 
Average 57.3 
 
2.747 Average 54.9 
 
9.447 
Variance 
  
0.916 Variance 
  
3.149 
Standard 
deviation 
0.96 
  
Standard 
deviation 
1.78 
  
Average 
Error 
  
0.552 Average 
error 
  
1.025 
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Table 6.8 Calculation of error for 5th and 6th Casting  
 
 Al-Cu+ 
0.4% Zr 
|x-mean| (x-mean)2  Al-Cu + 
0.2%Zr + 
0.2% Cr 
|x-mean| (x-mean)2 
d1 62.1 0.867 0.751 d1 55.2 1.833 3.361 
d2 63.6 0.633 0.401 d2 57.5 0.467 0.218 
d3 63.2 0.233 0.054 d3 58.4 1.367 1.868 
Average 63.0 
 
1.207 Average 57.0 
 
5.447 
Variance 
  
0.402 Variance 
  
1.816 
Standard 
Deviation 
0.63 
  
Standard 
deviation 
1.35 
  
Average 
Error 
  
0.366 Average 
Error 
  
0.778 
 
Table 6.9 Calculation of error for 7th and 8th Casting 
 Al-Cu + 
0.4%Zr + 
0.4% Cr 
|x-mean| (x-mean)2  Al-Cu + 
0.2%Zr + 
0.4% Cr 
|x-mean| (x-mean)2 
d1 63.2 1.133 1.284 d1 54.2 0.433 0.188 
d2 62.9 0.833 0.694 d2 54.5 0.133 0.018 
d3 60.1 1.967 3.868 d3 55.2 0.567 0.321 
Average 62.1 
 
5.847 Average 54.6 
 
0.527 
Variance 
  
1.949 Variance 
  
0.176 
Standard 
Deviation 
1.40 
  
Standard 
Deviation 
0.42 
  
Average 
Error 
  
0.806 Average 
Error  
  
0.242 
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Table 6.10 Calculation of error for 9th Casting 
 Al-Cu + 
0.4%Zr + 
0.2% Cr 
|x-mean| (x-mean)2 
d1 60.1 0.933 0.871 
d2 62.2 1.167 1.361 
d3 60.8 0.233 0.054 
Average 61.0 
 
2.287 
Variance 
  
0.762 
Standard 
Deviation 
0.87 
  
Average 
Error 
  
0.504 
 
 
The initial hardness obtain for the Al-Cu 2017 was 57.1 HBW after the process of casting. Table 6.11 
below show the value of Hardness Brinell/HBW for each designated casting after the process of 
smelting. Casting of Al-Cu + 0.4% Zr shows the highest value of hardness which was 63.0 HBW while 
casting of Al-Cu + 0.2% Cr shows the lowest value of hardness which was 53.2 HBW. In figure 6.1 shows 
the evolution of Hardness Brinell in each of designated casting.  
Table 6.11 Range of error for each Designated Casting after smelting process 
No. Type of casting Hardness Brinell/HBW 
1 Al-Cu 57.1 ± 0.8 
2 Al-Cu + 0.2% Cr 53.2 ± 0.7 
3 Al-Cu + 0.4% Cr 57.7 ± 0.6 
4 Al-Cu + 0.2% Cr 54.9 ± 1.0 
5 Al-Cu + 0.4% Zr 63.0 ± 0.4 
6 Al-Cu + 0.2% Zr + 0.2% Cr 57.0 ± 0.8 
7 Al-Cu + 0.4% Zr + 0.4% Cr 62.1 ± 0.8 
8 Al-Cu + 0.2% Zr + 0.4% Cr 54.6 ± 0.2 
9 Al-Cu + 0.4% Zr + 0.2% Cr 61.0 ± 0.5 
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Figure 6.1: Hardness Brinell after smelting for the different castings 
 
6.4.2 Micro hardness after smelting  
 
After the process of hardness of Brinell, each of the designated casting undergoes micro-hardness test in 
order to determine the evolution of hardness of the α-phase in each of the designated casting. The test 
was carried out with 2 attempts in each casting. The table 6.12 shows the average value obtained for the 
micro hardness (HV) for each castings after the smelting process. 
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Table 6.12 Average value of micro hardness for each designated casting after smelting 
No Type of casting 1st Attempt 
Hardness 
Vickers (HV) 
2nd Attempt 
Hardness 
Vickers (HV) 
Average hardness 
Vickers (HV) 
1 Al-Cu 64 63 63.3 
2 Al-Cu + 0.2% Cr 43 43 43.0 
3 Al-Cu + 0.4% Cr 61 57 59.0 
4 Al-Cu + 0.2% Zr 63 60 61.6 
5 Al-Cu + 0.4% Zr 65 66 65.6 
6 Al-Cu + 0.2%Zr + 0.2%Cr 67 64 65.5 
7 Al-Cu + 0.4%Zr + 0.4%Cr 72 75 73.3 
8 Al-Cu + 0.2%Zr + 0.4%Cr 67 67 67.3 
9 Al-Cu + 0.4%Zr + 0.2%Cr 66 67 66.5 
 
 
In figure 6.2 shows the evolution of micro hardness (HV) of each designated casting after the smelting 
process. Casting of Al-Cu + 0.4%Zr + 0.4%Cr shows the highest value of micro hardness in their α-phase 
which was 73.3 HV while casting Al-Cu + 0.2% Cr had the lowest value of α-phase with 43.0 HV 
 
Figure 6.2: Evolution of hardness Vickers after smelting for the different castings 
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6.4.3 Solution Treatment and Quenching 
 
After the measurement of hardness is calculate, the middle part of the casting was cut into 11 pieces of 
specimen. Each of the specimen was marked with different code in other to differentiate one and 
another: Type of casting, nº of specimen, aging time. Table 6.13 below shows the code use for each of 
the specimen: 
Table 6.13 Coding system for each specimen: 
Type of 
Casting 
Code Nº of piece Code Aging Time 
(hours) 
Code 
Al-Cu 1 1 01 0 01 
Al-Cu + 0.2% 
Cr 
2 2 02 0.5 02 
Al-Cu + 0.4% 
Cr 
3 3 03 1 03 
Al-Cu + 0.2% 
Zr 
4 4 04 2 04 
Al-Cu + 0.4% 
Zr 
5 5 05 3 05 
Al-Cu + 0.2% 
Zr + 0.2% Cr 
6 6 06 4 06 
Al-Cu + 0.4% 
Zr + 0.4% Cr 
7 7 07 6 07 
Al-Cu + 0.2% 
Zr + 0.4% Cr 
8 8 08 8 08 
Al-Cu + 0.4% 
Zr + 0.2% Cr 
9 9 09 12 09 
- - 10 10 24 10 
- - 11 11 48 11 
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The code was marked with an electrical marker (Figure 6.3) 
Example: for the first specimen of the second casting, as quench condition, with the code: 2, 01, 01 
(figure 6.4) 
It show that the first specimen is belong to the Al-Cu+0.2%Cr and the aging time took place at 0 hour. 
 
Figure 6.3 Electrical marker 
 
Figure 6.4: Code use to marked the specimen 
Development of cast aluminium alloys for elevated temperature  Pág. 67 
 
 
 
 
6.4.4 Micro hardness after quenching  
 
The table 6.14 shows the average value obtained for the micro hardness (HV) for each castings after the 
quenching process, the maximum hardness value has been shown on the casting of Al-Cu + 0.4%Zr + 
0.4%Cr with the value of 75.5 HV while the casting of Al-Cu + 0.2% Zr shows the lowest values of the 
hardness Vickers which is 56.5 HV. Al-Cu + 0.2% Zr casting shows the lowest value because the α-phase 
grain grows bigger in this casting. 
 
Table 6.14 Average value of micro hardness for each designated casting after quenching 
No Type of casting 1st Attempt 
Hardness 
Vickers (HV) 
2nd Attempt 
Hardness 
Vickers (HV) 
Average 
Hardness Vickers 
(HV) 
1 Al-Cu 65 68 66.5 
2 Al-Cu + 0.2% Cr 70 68 69.5 
3 Al-Cu + 0.4% Cr 63 63 63.0 
4 Al-Cu + 0.2% Zr 56 57 56.5 
5 Al-Cu + 0.4% Zr 68 69 69.5 
6 Al-Cu + 0.2%Zr + 
0.2%Cr 
65 67 66.0 
7 Al-Cu + 0.4%Zr + 
0.4%Cr 
76 75 75.5 
8 Al-Cu + 0.2%Zr + 
0.4%Cr 
69 73 71.0 
9 Al-Cu + 0.4%Zr + 
0.2%Cr 
69 69 69.0 
 
 
 
 
 
 
 
 
 
Development of cast aluminium alloys for elevated temperature  Pág. 68 
 
 
 
 
    In figure 6.5 shows the evolution of hardness Vickers after the quenching process for all type of 
designated casting. 
 
Figure 6.5: Evolution of hardness Vickers against time after quenching 
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6.4.5 Hardness after aging process 
 
    After the process of quenching, each of the casting was separated further into 11 small specimen. 
Each of the specimen will go through different aging hours from 0 hours to 48 hours. In table 6.15 and 
table 6.16 shows the value of hardness of each of the specimen after the aging hours. 
Table 6.15 Average value of hardness Brinell, (HB) for each designated casting at different aging hours. 
  
CASTING  Aging Hours 
0 0.5 1 2 3 4 6 8 12 24 48 
1 
      
     
1.1 64.3  70.8  73.6  73.6  69.4  74.2  68.2  62.5  57.5  63.0  46.8  
1.2 66.0  73.3  74.4  74.6  74.3  69  67.9  65.7  61.8  64.8  51.2  
1.3 64.7  72.7  76.0  75.5  72.1  73.8  67.5  64.3  61.6  69.0  44.5  
average 65  72.3 74.7    74.6    71.9    72.3    67.9   64.2   60.3  65.6  47.5  
2 
      
     
2.1 62.5  68.3  70.5  66.1  63.8  52.3  60.5  57.9  61.4  60.2  54.2  
2.2 67.1  74.1  66.4  63.2  63.7  48.7  61.1  57.4  60.9  64.1  57.8  
2.3 69.6  69.8  71.8  62.6  63.7  49  59.6  59.3  61.2  64.3  47.3  
average 66.4  70.7 69.6   64   63.7   50  60.4  58.2  61.2   62.9   53.1  
3 
      
     
3.1 69.2  74.1  70.7  68.5  66.5  62.4  62.5  61.8  63.9  62.8  62.7  
3.2 65.3  75.8  69.4  68.9  66.6  62.8  63.3  64.2  66.0  62.6  59.7  
3.3 70.1  71.7  69.3  70.6  66.7  63.5  65.6  60.8  67.1  63.2  61.3  
average 68.2  69.8  69.8  69.3   66.6  62.9  63.8  62.3   65.7  62.9   61.2   
4 
     
       
4.1 62.2  65.7  68.1  65.7  61.7  67.7  66.7  72.3  65.8  54.9  50.0  
4.2 66.4  70.8  67.3  65.8  63.8  65.2  66.2  68.7  67.4  57.7  55.7  
4.3 61.5  66.8  69.2  62.6  65.3  64.2  69.3  66.3  65.6  53.5  46.9  
average 63.4   67.8   68.2  64.7  63.6  65.7  67.4  69.1  66.3   55.4   50.9   
5 
      
     
5.1 70.3  70.1  72  66.5  63  61.1  61.6  67.9  67.3  59.7  62.1  
5.2 72.7  71  71.3  62.9  69.8  63.2  62.2  65.5  64.0  65.0  60.6  
5.3 71.5  71  74.6  69.5  69.6  67.7  64.7  66.1  66.5  62.9  64.6  
average 71.5  70.7  72.6   66.3  67.5   64  62.8   66.5  65.9   62.5   62.4   
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Table 6.16 Average value of hardness Brinell, (HB) for each designated casting at different aging hours. 
Casting 
 
Aging Hours (h) 
0 0.5 1 2 3 4 6 8 12 24 48 
6 
      
     
6.1 65.9 65.7 68  68.6  62.1  56.7  61.2  59.8  66.9  60.4  53.7  
6.2 66.5 66.6 64.5  65.1  59.7  56.1  60.2  59.7  63.5  60.6  55.7  
6.3 62.3 64.8 62.5  68.6  65.7  56.6  60.6  54.7  63.8  61.4  55.5  
average 64.9 65.7 65 .0 67.4   62.5  56.5   60.7   58.1   64.7   60.8  55.0   
7 
      
     
7.1 67.8 69.5 71.8  68.8  66.1  64.6  49.9  59.7  63.4  53.5  50.0  
7.2 71.5 72.2 71.3  70.9  69.3  66.7  48.7  58.2  61.7  44.4  55.4  
7.3 71.8 71.7 73.8  68.2  67.6  65.7  45.0  60.1  60.9  45.8  47.8  
average 70.4  71.1  72.3  69.3  67.7   65.7  47.9   59.3   62.0  47.9  51.1   
8 
      
     
8.1 70.5 67.7 66.9  65.9  69.1  64.6  61.1  60.6  59.1  52.8  59.6  
8.2 62.2 69.2 59.9  63.8  70.1  66.8  63.3  61.9  58.5  56.4  50.3  
8.3 63.0 70.1 56.3  62.0  69.9  67.7  64.0  60.4  59.6  53.3  46.6  
average 65.2  69.0 61.0   63.9  69.7  66.4   62.8  61.0   59.1   54.2   52.2   
9 
 
  
    
     
9.1 74.3 65.7 60.7  63.8  66.7  65.2  60.9  58.0  54.7  58.8  52.8  
9.2 67.8 66.2  59.6  62.6  68 .0 64.2  61.1  59.4  60.0  56.4  59.1  
9.3 72.0 66.8  64.6  61.4  69.6  69.5  66.2  64.0  55.0   57.0  58.3  
average 71.4  66.2   61.6   62.6  68.1  66.3  62.7   60.5   56.6   57.4  56.7   
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Figure 6.6: Evolution of hardness Brinell against 0 hours aging time 
 
 
Figure 6.7: Evolution of hardness Brinell against 0.5 hours aging time 
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Figure 6.8: Evolution of hardness Brinell against 1 hours aging time 
 
 
Figure 6.9: Evolution of hardness Brinell against 2 hours aging time 
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Figure 6.10: Evolution of hardness Brinell against 3 hours aging time 
 
 
Figure 6.11: Evolution of hardness Brinell against 4 hours aging time 
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Figure 6.12: Evolution of hardness Brinell against 6 hours aging time 
 
 
Figure 6.13: Evolution of hardness Brinell against 8 hours aging time 
  
40
45
50
55
60
65
70
H
ar
d
n
es
s 
B
ri
n
el
l/
H
B
W
Type of Casting
6 hours of aging
52
54
56
58
60
62
64
66
68
70
H
ar
d
n
es
s 
B
ri
n
el
l/
H
B
W
Type of Casting
8 hours of aging
Development of cast aluminium alloys for elevated temperature  Pág. 75 
 
 
 
 
 
Figure 6.14: Evolution of hardness Brinell against 12 hours aging time 
 
 
Figure 6.15: Evolution of hardness Brinell against 24 hours aging time 
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Figure 6.16: Evolution of hardness Brinell against 48 hours aging time 
 
Table 6.17 Average value of hardness Brinell for each designated aging hours. 
Aging 
Hours 
Type of casting 
Al-Cu Cr 0.2% Cr0.4 % Zr 0.2 % Zr 0.4 % 0.2%Cr 
+ 0.2% 
Zr 
0.4% Cr 
+ 0.4% 
Zr 
0.2% Zr 
+ 0.4% 
Cr 
0.4% Zr 
+ 0.2% 
Cr 
0 65.0 66.4 68.2 63.4 71.5 64.9 70.4 65.2 71.4 
0.5 72.3 70.7 69.8 67.8 70.7 65.7 71.1 69 66.2 
1 74.7 69.6 69.8 68.2 72.6 65 72.3 61.0 61.6 
2 74.6 64.0 69.3 64.7 66.3 67.4 69.3 63.9 62.6 
3 71.9 65.7 66.6 63.6 67.5 62.5 67.7 69.7 68.1 
4 72.3 50 62.9 65.7 64.0 56.5 65.7 66.4 66.3 
6 67.9 60.4 63.8 67.4 62.8 60.7 47.9 62.8 62.7 
8 64.2 58.2 62.3 69.1 66.5 58.1 59.3 61.0 60.5 
12 60.3 61.2 65.7 66.3 65.9 64.7 62.0 59.1 56.6 
24 65.6 62.9 62.9 55.4 62.5 60.8 47.9 54.2 57.4 
48 47.5 53.1 61.2 50.9 62.4 55.0 51.1 52.2 56.73 
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Figure 6.17: Evolution of hardness Brinell for each designated casting 
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6.4.6 Micro hardness after aging 
 
For the micro hardness after aging, the highest value of hardness Brinell (HB) obtain for each of the 
casting were selected for the further micro hardness test. Table 6.18 shows the specimen that been 
selected for each casting and their value obtain for the micro hardness test. 
Table 6.18 Average value of micro hardness for each designated casting after aging 
 
 
No 
 
 
Type of casting 
 
Aging hours with 
the highest value 
of hardness brinell 
 
1st attempt of 
micro 
hardness 
Vickers (HV) 
 
2nd attempt of 
micro hardness 
Vickers (HV) 
 
Average 
hardness 
Vickers (HV) 
1 Al-Cu 1 h 65 69 67.0 
2 Al-Cu + 0.2 % Cr 0.5 h 68 70 69.0 
3 Al-Cu + 0.4 % Cr 1 h 62 63 62.5 
4 Al-Cu + 0.2 % Zr 8 h 60 62 61.0 
5 Al-Cu + 0.4 % Zr 1 h 69 72 70.5 
6 Al-Cu + 0.2 % Zr + 
0.2% Cr 
2 h 70 73 71.5 
7 Al-Cu + 0.4 % Zr + 
0.4% Cr 
1 h 85 75 80.0 
8 Al-Cu + 0.2 % Zr + 
0.4% Cr 
3 h 70 73 71.5 
9 Al-Cu + 0.4 % Zr + 
0.2 % Cr 
1 h 71 73 72.0 
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Figure 6.18: Evolution of hardness Vickers against time after aging 
 
 
  
50
55
60
65
70
75
80
85
Al-Cu Al-Cu +
0.2% Cr
Al-Cu +
0.4% Cr
Al-Cu +
0.2% Zr
Al-Cu +
0.4% Zr
Al-Cu +
0.2%Zr +
0.2%Cr
Al-Cu +
0.4%Zr +
0.%Cr
Al-Cu +
0.2%Zr +
0.4%Cr
Al-Cu +
0.4%Zr +
0.2%Cr
H
ar
d
n
es
s 
V
ic
ke
rs
 /
 H
V
Type of Castings
Micro hardness of each highest value of hardness brinell for 
each castings
Development of cast aluminium alloys for elevated temperature  Pág. 80 
 
 
 
6.5 Metallographic analysis 
 
6.5.1 1st Casting (Al-Cu) 
As shown in Figure 6.19 and Figure 6.20, the α-phase in the specimen after solution heat treatment and 
quench has increased in size compare to the casting specimen. The α-phase is represented by the 
yellow-coloured structure, and is surrounded by intermetallic compounds, like Al2Cu3. By looking at the 
picture, we can compare the size of α-phase between casting microstructure and heat treatment 
casting. 
Before Heat Treatment 
 
Figure 6.19 Microstructure view casting specimen with focus of 5x and 10x respectively 
After Solution Heat Treatment and Quenching 
 
Figure 6.20 Microstructure view after quenched specimen with focus of 5x and 10x respectively 
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6.5.2 2nd Casting (Al-Cu + 0.2% Cr) 
In Figure 6.21 and Figure 6.22, the α-phase are slightly different in size between casting and after 
quenched. The α-phase increases in size after solution heat treatment and quenching, but less than in 
casting 1. 
Before Heat Treatment 
 
Figure 6.21 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Solution Heat Treatment and Quenching 
 
Figure 6.22 Microstructure view after quenched specimen with focus of 5x and 10x respectively  
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6.5.3 3rd Casting (Al-Cu + 0.4%Cr) 
 
In Figure 6.23, the compounds, represented by red and black clump and the size of α-phase are quite as 
similar as the pure casting which is the 1st casting. This is because a higher Cr content leads to more 
polyhedral, star-like and blocky Fe rich particles [50]. Then we can see in Figure 6.24, there are no 
changes in clump of the composites but the α-phase has increases in size. 
Before heat treatment 
 
Figure 6.23 Microstructure view of casting specimen with focus of 5x and 10x respectively  
 
After Solution Heat Treatment and Quenching 
 
Figure 6.24 Microstructure view after quenched specimen with focus of 5x and 10x respectively 
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6.5.4 4th Casting (Al-Cu + 0.2% Zr) 
 
Figure 6.25 shows no difference in microstructure compare to the 1st casting. Meanwhile after the 
casting undergoes heat treatment (fig 6.26), there are significant changes in the microstructure. The α-
phase has increase in size and the clump of compounds slightly disappeared.  
Before Heat Treatment 
 
Figure 6.25 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Solution Heat Treatment and Quenching 
 
Figure 6.26 Microstructure view after quenched specimen with focus of 5x and 10x respectively 
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6.5.5 5th Casting (Al-Cu + 0.4% Zr) 
 
In this casting, the effect to its microstructure is quite similar compare with the 4th casting due to both of 
the casting has been added zirconium. The size of α-phase increases compares to the original casting 
(before heat treatment).  
Before Heat Treatment 
  
Figure 6.27 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Heat Treatment and Quenching 
 
Figure 6.28 Microstructure view after quenched specimen with focus of 5x and 10x respectively 
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6.5.6 6th Casting (Al-Cu + 0.2 % Zr +0.2% Cr) 
 
In this casting, there are no significant changes in clumps of compounds but the size of α-phase are 
slightly increases for the casting after heat treatment shown in Figure 6.30. By comparing between the 
1st casting, there are slight changes in size of α-phase. Also, the effect of adding chromium can be seen 
as the microstructure becomes more polyhedral, star-like. [50] 
Before Heat Treatment 
 
Figure 6.29 Microstructure view of casting specimen with focus of 5x and 10x respectively  
After Solution Heat Treatment and Quenching 
 
Figure 6.30 Microstructure view after quenched specimen with focus of 5x and 10x respectively  
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6.5.7 7th Casting (Al-Cu +0.4%Zr + 0.4% Cr) 
 
Compare to the 6th casting, this casting contained higher percentage of chromium and zirconium. There 
are slightly difference in clumps of compounds and also the size of α-phase between original casting 
(Fig. 6.31) and after heat treatment casting (Fig. 6.32) and also the 1st casting. The effect of chromium 
and zirconium can be seen clearly as the microstructure becomes more polyhedral and star-like [50] and 
the increase in size of α-phase. 
Before Heat Treatment 
 
Figure 6.31 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Solution Heat Treatment and Quenching 
 
Figure 6.32 Microstructure view after quenched specimen with focus of 5x and 10x respectively  
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6.5.8 8th Casting (Al-Cu + 0.2% Zr + 0.4% Cr) 
 
The changes in microstructure are quite similar as the last casting which is the 7th casting but the size of 
α-phase is quite similar between the original casting and after heat treatment casting as shown in Figure 
6.33 and Figure 6.34. The microstructure of the compounds has the polyhedral and star-like due to 
higher percentage of chromium. [50] 
Before Heat Treatment 
 
Figure 6.33 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Solution Heat Treatment and Quenching 
 
Figure 6.34 Microstructure view after quenched specimen with focus of 5x and 10x respectively  
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6.5.9 9th Casting (Al-Cu + 0.4% Zr + 0.2% Cr) 
 
As shown in Figure 6.35 and Figure 6.36, there are slightly difference in the size of α-phase while the 
microstructure of the clumps of compounds are completely change from a linear form to a polyhedral, 
star-like form due to the present of chromium elements in the aluminium. [50] 
Before Heat Treatment 
 
Figure 6.35 Microstructure view of casting specimen with focus of 5x and 10x respectively 
 
After Solution Heat Treatment and Quenching 
 
Figure 6.36 Microstructure view after quenched specimen with focus of 5x and 10x respectively   
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7. Conclusions 
 
Small amounts of Cr and Zr have been added to an Al-Cu alloy in order to analyze their influence on 
grain size and heat treatments. The experimental results do not show a significant influence of Cr or Zr 
grain size, and only small differences have been observed. 
Thus, the result shows a difference value of hardness. The effect of addition Cr and Zr into the casting 
slightly brought down the hardness value. This could be attributed to an incomplete dissolution and 
homogeneous distribution of addition elements. The technique used for this experiment can be change 
or improve using a different tool for the stirring process. Also, because of only small amount of alloying 
element was added, they do not give any significant influence in the mechanical properties of the alloy.  
As for the microstructure of the casting produced, there are parts of α-phase growing quite bigger for 
casting number 6 to 9. Meanwhile casting 1 to 5 do not have changes in the α-phase. Thus, this affect 
the hardness value of the castings because a finer size of α-phase or grain size means the yield strength 
and tensile stress improved. Therefore, the size of grain plays an important role in the mechanical 
properties, in this particular case the hardness. In addition, several intermetallic compounds are 
detected at higher magnifications. The effect of adding Cr into the casting can be seen as the clumps of 
compounds transform into a polyhedral, star-like structure. 
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8. Total Budget 
 
 
 
 
Concept 
 
 
 
Hours of working  
(h) 
 
 
 
Cost per hour of working (€/h) 
 
 
 
Total Cost (€) 
Searching 
information 
and data  
 
900 
 
6 
 
5400 
 
Concept 
 
Total weight of 
material used (kg) 
 
Material price 
14.34   €/kg 
 
Total Cost (€) 
Material use 3.75 53.78 53.78 
Concept Time  to 
use the 
machin
e (h) 
Machine 
price  for 
each 
hour 
(€/h) 
Total  cost of 
use a machine 
(€/h) 
Hours of 
working  (h) 
Cost per hour 
of working 
(€/h) 
Total 
Cost  of 
workin
g (€) 
 
 
Total Cost (€) 
Preparation of 
each casting 
for smelting  
60 40 2400 60 32 1920 4320 
Smelting in 
furnace 
40 16 640 40 32 1280 1920 
Preparation of 
solution heat 
treatments 
53 40 2120 53 32 1696 3816 
Solution Heat 
treatment and 
quenching 
64 16 1024 64 32 2048 3072 
Aging at 250 
⁰ C 
60 16 960 55 32 1760 3680 
Writing a 
project 
   250 32 8000 8000 
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Concept Number 
of 
measure
ment 
Price for 3 
measure
ment 
Total 
cost 
Hours of 
working 
(h) 
Cost per 
hour of 
working 
(€/h) 
Total cost of 
working 
(€/h) 
Total cost 
Hardness 
Brinell Test 
297 70 6930 8 32 256 7186 
Micro hardness 
Test (HV) 
81 70 1890 5 32 160 2050 
Metallographic 36 229 2748 5 32 160 2908 
Subtotal 42405.8 
VAT  21% 8905.2 
Total 51311.0 
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